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Abstract 
In this thesis, the relationship between the 
kinetics of crack growth in an inert environment and 
deformation kinetics is analytically developed by 
combining Landes-Wei model with Hart theory of creep to 
examine the implication of creep deformation rate on 
crack growth at low stress intensity factor (K) levels . 
The dissolution model for st1·ess corrosion cracking 
proposed by Krafft and co-workers is extended to examine 
the coupled effect of creep deformation and corrosion, 
particularly for Stage I crack growth and threshold 
behavior. 
A modifie-d model for crack growth is developed on the 
basis of Kraf.ft's tensile ligament instability hypothesis 
to incorporate Hart's deformation theory and corrosion by 
electro<chemical dissolution. The predictions of this 
model are in satisfactory agreement with Landes' crack 
growth data obtained at high K level on an AISI 4340 
steel in a chemically inert environment (dehumidified 
argon) and in a "corroding" environment (distilled 
water). The model predicts a "thres.hold" behavior i·n the 
inert envi rcnment with a "th·resheld" stress intensity 
factor Krth that is dependent on material properties and 
specimen size, and weakly dependent on test temperature. 
1 
The effect of dissolution current density on crack 
growth response is considered. In a strongly dissolving 
environment, the model suggests that crack growth rate in 
Stage II and Stage III would be modified, and would 
become nearly independent·or the deformation process. 
That response is consistent with chemical reaction 
control of crack growth rate in Stage II. The absence of 
a threshold, however, is not consistent with experimental 
observations, and raises questions concerning the appli-
cability of a dissolution mechanism for stress corrosion 
cracking. 
2 
1. INTRODUCTION 
Subcritical crack growth under statically applied 
loading is of major importance in many • • eng1neer1ng 
applications, and bears directly upon the reliability and 
durability of high strength alloy components in service. 
Subcritical crack growth is defined, in terms of linear 
fracture mechanics, as cracking elastic stress intensity 
factors (K) is below the critical value (Kc or Krc), and 
has attracted the attention of mechanicians, material 
scientists and chemists for many years. The 
characteristics of subcritical crack growth has been 
widely investigated both in chemically inert and in 
deleterious environments [1-15, 19-22, 25, 26]. It is 
generally recognized that cr-ack growth in an inert 
environment is essentially con.tr.olled by deformation 
processes in the crack tip region [1 ,2]. Crack growth in 
deleterious chemical environments, on the other hand, is 
enhanced by environmental interaction (hydrogen 
external embrittlement) and may be controlled by 
transport, surface or electrochemical reactions, or 
hydrogen diffusion [3,4]. 
Ih this thesis, the relationship between the 
kinetics of crack. growth in an inert envir·onment and 
deformati.on kinetics is analytically developed by 
combining Landes-Wei model with Hart theory of creep to 
3 
examine the implication of creep deformation rate on 
crack growth at low stress intensity factor (K) levels. 
The dissolution model for stress corrosion cracking 
proposed by Krafft and co-workers is extended to examine 
the coupled effect of creep deformation and corrosion, 
particularly for Stage I crack growth and threshold 
behavior. 
Li et al [1] reported the occurrence of subcritical 
crack growth under sustained load in a chemically inert 
environment (dehumidified argon with dew point less than 
-73°C) in a 0.45 C-Ni-Cr-Mo steel, tempered at 205°C and 
427°C, and in an 18Ni(250) maraging steel~ Based on 
their observation that crack growth at constant test 
temperature, under a constant static load in an inert 
environment, exhibited transient, steady-sta·te and 
tertiary stages of growth, similar to those of creep 
deformation, they suggested that crack growth under 
~ 
sustained loading in an inert environment may be 
controlled by time-dependent deformation (or 6reep) 
within the crack tip plastic zone. 
To examine the concept of creep-controll~d crack 
growth [1]·, Landes and Wei examined the kinetics of 
• 
sustained-load crack growth in an inert environment 
(dehumidified argon) and the companion deformation at 
several temperatures in an AISI 4340 steel tempered at 
4 
205°C. They reported crack growth behavior that is 
consistent with that observed by Li et al [5], and found 
apparent activation energies for crack growth that 
creep. 
and Wei 
in general agreement with those for steady-state 
Based on these experimental results, Landes 
proposed a model for steady-state crack growth that is 
patterned after Krafft's dissolution model for stress 
corrosion cracking. This, creep crack growth model 
successfully relates the kinetics of deformation to the 
kinetics of crack growth under sustained load in an inert 
environment, and predicted the proper K dependence of 
crack growth rate. It was necessary, however, to make 
use of experimentally determined steady-state creep 
strain rate~ The crack growth model, therefore, had been 
tested only at the higher stress intensity factors where 
the deformatio·n rates are "measurable" at short time 
(less than one week). For long term application, crack 
growth response at the lowet K levels is of greater 
importance and heeds to be explored. In addition, the 
cojoint action of deformation and corrosion on crack 
growth (i.e, stress co~rosion cracking) at the lower K 
levers is of interest. 
It has been generally accepted that env·ironmentally 
assisted crack growth under sustained loading (or stress 
corrsion crack growth) may be separated into three 
,/ 
5 
stages as shown in Fig 1 [4,6,7]. At low values of 
stress intensity factor K, the crack growth rate is 
strongly dependent on K, and approaches zero as K 
decreases to a "threshold" level (i.e. to Krscc). This 
region of crack growth has been designated as Stage I, 
where the crack growth rate is determined by the 
interaction between the chemical (or corrosion) and 
deformation processes, with creep deformation in the 
crack-tip region providing fresh surfaces while the 
chemical reactions with these surfaces enhancing the 
crack growth rate. 
The Stage II region occurs at intermediate values of 
K where the crack growth rate is essentially independent 
of K. It has been well recognized that the crack growth 
rate in this region is controlled by some chemical 
process. 
As K approaches to the critical stress intensity 
factor (Kc or Kic), the era.ck growth rate increases 
rapidly and aga.in becomes strongly dependent on K (Stage 
III). Because t.he material nearly ruptures when crack 
. 
growth reaches this region, the behavior of the crack 
growth is less important to the investigators. 
In the thesis, a general mathematical crack growth 
model, which relates steady-state crack growth rate in a 
deleterious environment to the deformation kinetics and 
6 
dissolution rate, 
Tensile Ligament 
is proposed on the basis of Krafft's 
Instability Hypothesis, Hart's 
deformation theory~ elastic-plastic fracture mechanics 
and fundamental electrochemical corrosion principle. The 
crack growth rate predictions made on the proposed model 
is compared with Landes' experimental results in AISI 
4340 steel tested both in dehumidified argon and in 
distilled water. The parameters needed for the proposed 
model are justified on the basis of Landes' companion 
creep experimental results. Under the dry condition, the 
predictions at intermediate K value are in good agreement 
with Landes' data in dehumidified argon. The crack growth 
rate at low K levels is reasonably predicted and agreed 
with the experimental observations. 
The analytical expression to predict the "threshold" 
stress intensity factor Kith is developed. Under the wet 
condition, the effe.ct of the dissolution rate on crack 
growth rate is discussed. The predictions made on the 
proposed model are in satisfactory agreement with Landes' 
crack gro~th rate data in AISI 4340 steel tested in 
distilled water in Stage II and Stage III. The reason why 
the proposed model failed to predict the crack growth 
rate in Stage I is briefly addressed as the effect of 
straining ahd of oxidized surface on the specimen. Some 
suggestions are made for future work. 
7 
2. THEORETICAL DEVELOPMENT 
During the late 1960's, Krafft and co-workers 
proposed a model to relate the fracture behavior of a 
material to its unaxial deformation behavior [13]. The 
model is based on the concept of deformation and rupture 
of tensile ligament at the crack tip, and is grouped with 
its subsequent extensions [5,14,15] under the title of 
"Tensile Ligament Instability" (TLI) models. The initial 
effort was applied to establish a relationship between 
plane strain fracture toughness and the strain hardening 
exponent. The work was then extended to stress corrosion 
cracking by Krafft and Mulherin [14,15], and to creep-
controlled crack growth by Landes and Wei [5]. 
In the 1970's, Hart, Li and their collegues used 
the concept of equation of state to develop constitutive 
·rel ati ans for plastic deformation in terms of flow 
stress, strain rate and strain history [16,1.8]. The 
constitutive relations provides an analytical expression 
of creep strain rate in terms of the flow stress and a 
state variable covering a broad range of strain rates 
from about 10- 2 to 10- 10 s- 1 [23]. In view of this 
capability, it is worthwhile to re-examine the problem of 
creep c.rack growth in terms of this deformation theory • 
. The essential features of the TLI models and the 
Hart's deformation theory will be reviewed to provide the 
8 
,, 
bases for extending the Landes-Wei crack growth model to 
cover a broader range of K levels; particularly for low K 
values. The modified crack growth model will be further 
combined with a dissolution model for stress corrosion 
cracking to examine the interaction between deformation 
and corrosion on Stage I crack growth and threshold 
behavior. The essential supporting information, such as 
elastic-plastic analysis of strains and stresses near 
crack-tip_and electrochemical corrosion principles, will 
·be b r i e f 1 y r· e v i ewe d . 
9 
, 
~ 
2-1. Review of Elastic-Plastic Analysis for Strains and 
Stresses at Crack-Tip 
The work by Rice and Rosengren [19], and by 
Hutchinson and Hilton [20,21] provided dominant terms of 
the strain and stress field in the plastic region at the 
crack tip for a power hardening material by using path 
independent J-integral* and finite element technique. The 
strains and stresses are not only functions of position 
near the crack tip, but are also functions of the strain 
hardening exponent n and the elastic stress intensity 
fa·ctor K. Stresses and strains have weaker singularities 
within the plastic zone at crack tip than those for the 
_, 
surrounding elastic zone. Rice et al [19] used the 
roi1owing tensile stress-strain relationships to 
determine the crack-tip stress/strain field: 
*J-integral is accurately valid only for elastic 
material. It will lose its accuracy when integral contour 
passes through plastic region, because no energy 
dissipation by plasticity was considered in the 
definition of J-integral. However, for the high-strength 
alloy structure under sustained load, the energy 
dissipation by plasticity • lS very small and can -te 
neglected, • .since the cycle of loading and unloading is 
only once. Therefore, the work done by Rice et al is 
acceptable for sustained loading case. 
10 
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EIEy. { o :i ay 
a> oy 
( 2-1 ) 
The corresponding solutions for a cracked plate in a 
tension stress field under the condition of small scale 
yielding are as follows: 
0 . . = lJ 
K 2/(N+1) -1/(N+1) 
Cnoy( ) r 
oyfi 
-NI (N+1) 
E •: . lJ r 
a .. ( e) lJ 
E. . ( e ) lJ 
(2-2) 
(2-3) 
' L 
In Equations (2-2) and (2-3), oy is yield strength in 
tension, Ey yield strain, rand a are radial and angular 
coordinates referred to the crack tip in the usual 
manner, 
exponent. 
and N=1/.n is inverse of the strain hardening 
The parameter en is a constant and is 
tabulated in Table 1 of reference [20]; (note that the en 
is used· here to designate the quantity (w/I) 1/{N+i.) • 1n 
reference [20]). The quantities ~ij(e) and i 1 j(e) are 
functions of a only. Their values for a·given angle 
can be obtained fro~ Figures 1 and 4 in reference [20]. 
The stress intensity factor K is defined as usual: 
a K = Y (W) o/wa 
·( 2-4) 
1 1 
where a is crack length; o is remote stress and Y(a/W) is 
a polynomial in a/W. The function Y(a/W) takes care of 
the effect of finite size. For this study, the interest 
is on the solutions at 8=0° for the cases of plane 
stress and plane strain. Using values from reference 
[20], the respective stresses and strains are obtained 
from Equations (2-2) and (2-3), and are as follows: 
(i) Plane stress 
K 2/(N+1) 
= 1 .2oy( ) 
oyl1r 
-1/(N+1) 
r (2-5a) 
r (2-5b) E:yy 
K 2N/(N+1) 
- 0.75e:y( _) 
oyl7T 
-N/ ( N+ 1 ) 
(ii) Plane strain 
' 
K 2/(N+1) 
- 2.5oy(· . ) 
oyfi 
-1/(N+l) 
r (2-6a) 
Eyy = 0 (2-6b) 
These results were used by Landes and Wei in extending 
Krafft's TIL model ·to creep crack growth, and will be 
used in a further m_odification of the Landes-Wei model. 
12 
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2-2. Krafft's Tensile Ligament Instability (TL!) Model 
2-2.1 Fracture Toughness 
The original proposal (1964) stemmed 
experimental correlations of the strain for 
from 
simple 
tensile instability with the plane-strain fracture 
toughness (K 1c) as infuenced by temperature and strain 
rate. On basis of fractographic observations by Birkle 
et al [22], Krafft [13] proposed that the material in 
the crack tip region may be viewed as cells that have 
been isolated by inclusions. These cells act as coherent 
tensile ligaments which are the last connecting links at 
the crack tip, and are extended as a result of the 
plastic deformation incident to stressing the crack. For 
simplicity, Krafft assumed that the strain field ahead of 
the crack tip (8=0°) may be given approximately by the 
elastic field equations and that the materials are power-
hardening, 
Eyy = 
. 
1 • e • : 
K 
E/2,rr 
(2-7) 
( 2-8.) 
'"' To correlate fracture toughness Krc with strain 
hardening exponent n, Krafft hypothesized that local 
tensile instability is a necessary 
rupture of a tensile specimen, 
' 
1 3 
for the 
and that fracture 
.. 
' .. 
instability occurs when the tensile ligaments in the 
crack-tip process zone reach the point of 
instability or the critical fracture strain. 
tensile 
Fracture 
instability in turn is identified with a point at which 
the stress intensity factor K reaches the plane strain 
crack toughness Krc· By defining the fracture process 
zone size to be dT, the critical fracture strain ET is 
calculated from Equation (2-8) at r=dr: 
(2-9) 
To relate Krc to the deformation character of the 
material, Krafft considered a specimen subjected to 
unaxial tensile loading. The true stress or net-section 
stress o is defined in terms of the tensile load P and 
cross sectional area A as follows: 
p 
a = - (2-10) A 
Alternatively, P can be expressed in terms of o and A: 
P = oA (2-11) 
Tensile instablity occurs ~hen the external load P 
achieves its maximun value Pmax; i.e., when dP=O, (see 
Figure 3). From Equation (2-11), the ~ondition for 
1 4 
tensile instability may be expressed as follows: 
dP =Ado+ odA = 0 
or, 
do dA (2-12) = 
a A 
Since the area change is due to Poisson contraction, dA 
then can be expressed in terms of the change in axial 
strain de and the Poisson's ratio v as: 
dA = - 2-vA d£ (2-13) 
' \ 
By substituting Equation (2-13) into Equation (2-12), the 
instability condition becomes: 
or, 
do 
0 
-
-2vA de 
A 
do de= 2vo 
- 2v d£ 
For a power hardening material under constant-volume 
plastic deformation (with Poisson ratio v = ~). The 
strain at tensile. instability is obtained from Equations 
. (2-8) and (2-14), and is equal to strain hardening 
exponent; namely, 
(2-15) 
1 5 
By substituting Equation (2-9) into Equation (2-15), 
Krafft formally established the following relation 
between plane strain crack toughness Krc and the strain 
hardening exponent n: 
(2-16) 
where dr is the process zone si.ze. Conversely, dr could 
be calculated as follows: 
2,r(En) 2 
(2-17) 
Experimental support for the model was given by Birkle et 
al [22], who found the averge spacing between manganese 
sulfile inclusions in high strength steel to be nearly 
equal to the value of dr calculated from Equatton (2-17). 
2-2.2 Stress Corrosion Cracking 
Krafft and Mulherin [14,15] extended the TIL model to 
describe stress-corrosion cracking with a constant 
di·ssolution rate Figure 2. The crack growth behavior was 
viewed in terms of the instability of tensil·e ligament 
enhanced by "lateral attack" from uniform chemical 
dissolution. In other words, because chemical dissolution 
red-uced the cross-sectional area of the ligament at the 
1 6 
crack tip, tensile instability for these ligament .would 
occur at a K value below Krc· Since the K level was not 
large enough to cause unstable fracturing, the crack 
would extend subcritically. For this case, the following 
condition for tensile instability of the ligament was 
proposed [14]: 
n 
Ze: 
- l = 
4V 
s (2-18) 
where£ is the estimated strain in the ligament crack-tip 
(see E4uation (2-7)); • £ is the strain rate associated 
• 
with crack growth rate a, Vs is the dissolution rate; Z 
is a size factor (which is equal to 1 for plane st.ress 
and to 2 for plane strain); and dr is the process zone 
size which can be calculated from Equation (2-17). 
Krafft et al [14] assumed that the strain£ and strain 
• 
rate £ as the averge strain and strain rate in the 
ligament (computed at r=dT) at the crack tip, 
• 
respectively. The strain r·ate e: is expressed in terms of 
• 
crack growth rate a: 
• • KI d -3/2 • 
e: ( dT) 
• (2-19) E(dT) - a - a T -
2E/2,r 2'd T 
By stibstituting Equation (2-19) into Equation (2-18) 
and rearranging the terms, the stress corrosion crack 
17 
growth rate is given as follows: 
av )-1 • s ( n (2-20) a • - 1 
e:(dT) Ze:(dT) 
where e:(dT) = KI 
E/2,rdT 
The crack growth model, represented by Equation (2-20), 
showed remarkable agreement with the observed crack 
growth rate dependence on stress intensity factor K. The 
model, however, did not include the influence of time-
dependent deformation, which will ·be considered in the 
present work. 
2-2.3 Creep Crack Growth 
In 1973, by using Equation {2-18) with selection of 
Z=1 for plane stress condition as a starting point, 
Landes and Wei [5], proposed a model for deformation or 
creep controlled subcritical crack growth. They replaced 
• • 
the dissolution rate with the equivalent value dre:s/4 to 
. . 
reflect steady-state creep deformation rate e:s of the 
ligament, and modified Krafft's model by applying. 
elastic-plastic analysis for strains near crack tlp 
Equations (2-5a) and (2-5b) i.J:1 place of the elastic 
analysis; i.e., Equation (2-7). Landes and Wei redefined 
the process zone dT in terms of the inverse of the strain 
18 
• 
hardening exponent N (N-1/n) and the critical stress 
intensity facter Kc: 
dT = 2 
1TOy 
(0.75Ne:y)(N+,)/N (2-21) 
They showed an explicit dependence of t·he steady-state 
• crack growth rate a on the elastic stress intensity 
• factor K, the steady-state creep strain rate Es and other 
measurable properties of the material as follows: 
• a = -
K2 
C 
2 
1T.O y 
• (N+1) E (0.75Ne:y)(N+1)/N s 
1 _ (K/K )2N/(N+1) C 
(2-22) 
A reasonable correlation between the measured crack 
growth rates and steady-state creep rates was obtained 
through this model [5]. 
One important conclusion to be drawn from the TLI 
models proposed by Krafft et al [14] and Landes and Wei 
. [5], is that local tensile instability is a ne.cessary 
condition for the rupture of a tensile specimen and is a 
sufficient condition for the movement of the cra·ck tip 
(i.e., for crack growth). 
2-3. Deformation Theory Proposed by Hart and Li 
Around 1970's, a phenomenological theory of plastic 
! 
19 
• 
deformation was developed by Hart and Li using the 
concept of equation of state [15,16,17]. These workers 
proposed a deformation model consisting of essentially 
two parallel branches (Figure 4), one of the branches (I) 
representing dislocation glide controlled process, the 
other branch (II), representing diffusion controlled 
process. 
Hart and Li suggested that a plastic equation of 
state be formulated in terms of stress, plastic strain 
rate, temperature and a hardness parameter. Using a new 
state variable * o (the hardness parameter which is a 
function of strain history only), they described ·the 
general plastic equation of state as follows [18]. 
* • 
o = f[o ,e] 
artd, 
* * o ~ o (e) 
Hart's model represents a synthesis of three 
deformation mechanisms whose mutual relationship is most 
easily described by the rheol.ogical diagram shown in 
Figure 4. The three mechanisms are represented by three 
elements labelled 1, 2 and 3. The micromechanical proces-
. ses for irreversible deformation was discussed in refere-
. 
~ 
nee [23]. The micromechanical relationships considered 
are summarized here. 
20 
• 
The dislocation flux responsible for the nonelastic 
deformation ·or the metal matrix must traverse not only 
large regions of relatively well ordered crystal but also 
the strong barriers to dislocation motion due to disloca-
tion tangles and cell walls. The strong barriers repre-
sent the basic sources for strain hardening and are 
generated by straining. Dislocation motion in the good 
regions is limited by glide friction. Passage through the 
strong barriers can occur either by mechanical cutting of 
dislocations at sufficiently high stresses, or by thermal 
activation at the lower stresses. Since the dislocation 
flux in the good regions will generally exceed the rate 
of passage of barriers, there will be an accumulation of 
dislocations in pile-ups at the barriers. The pile-ups 
will generally raise the driving force for barrier 
passage and will generate back stresses· that slow down 
the dislocation flux through the good crystal . 
• In Hart's model, the a-element represents the 
----- . barrief processes, the Ea-element characterizes the pile-
• ups as a stored strain, and £-element represents the 
.glide friction. The applied uniaxial tensile stress o is 
the sum of stresses oa and or that are operative in each 
branch of the diagram. The ob·served total inel~stic 
• uniaxial strain rate Eis the same as the strain rate 
exhibited by the. lower branch and is equal to the sum of 
21. 
. ) 
the strain rate component a and the rate of stored strain 
• Ea· Thus the two constraint equations are expressed as 
follow: 
a= oa + of 
and, 
• • • 
€=Cl+ Ea 
The constitutive equations for the component elements 
are derived as follows [17,18]: 
• The Ea-element is a linear anelastic element with a 
modulusµ, such that: 
( 2--23) 
• The a-element is the plastic-creep element 
satisfying the relations: 
* •* • A ln(o /oa) = [E (T)/a.] 
~*(T) = [o*/G]m f exp(-~Q/RT) 
(2-24) 
The • E-element, representing dislocation glide 
friction, is a nonlinear viscous element with a 
power law behavior: 
(2-25) 
In these equations, Tis the absolute temperature, R the 
22 
gas constant; G the shear modulus at temperature T; A• 
0.15, Mm 7-9, and m = 4-5, which are typical values of 
the material constants; andµ is an anelastic modulus 
determined from anelasticity test. Sinceµ is of the 
order of shearing modulus G, it is set equal to G (µ = G) 
as a good approximation. The quantity ~Q is commonly the 
same as the activation energy for self-diffusion of the 
·* atomic species, and A (T) is a rate constant depending on 
test temperature only. In general, A*(r) cannot be 
expressed in Arrhenius form; the temperature dependence 
of A*(r) being weaker than the Arrhenius form. 
• For high-strength alloys, the elastic strain rate Ea 
• is genArally small in contrast to plastic etrain rate a. 
It is reasonable, therefore, to simplify the 
• phenomenological model by neglecting the effect from Ea 
as shown in Figure 5. 
become: 
and 
• • E = a 
Then the constraint conditions 
Deformation processes are obviously controlled by 
both dislocation glide processes and diffusive processes. 
The contribution from each of these processes rnay ·be. more 
or less at the different temperatures. Hence, both 
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, 
branches of the phenomenological model will operate, such 
that: 
and, 
( 2-2 6) 
Obviously, this equation can not be solved easily to 
• 
obtain Es· To simplify Equation (2-26), the exponential 
• • term is expanded into a polynomial series for E = Es· 
• 
a = 
E 
+ G ( • : ) 1 /M 
A 
This expression then may be re-arranged into the 
following term: 
* 
• = A*[a - o + 
e:s G • • • + (2-27) 
Huang et al [23] measured the value of ·* E at 
different test temperatures for a 316 stainless steel. At 
low temperature, ~* is of the order of ,o-47 (s-1). 
Because ~s cannot be smaller than 10- 10 (s- 1 ) within the 
"measurable" cre.ep strain rate region at short times, the 
ratio is very small and may be neglected. 
Equation (2-27) then can be simplified into the follo~ing 
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form: 
\ * 
• •*(o - o M e:s • A G ) (2-28) 
Metallurgically, the deformation processes are controlled 
by dislocation glide at temperatures below the homologcus 
temperature These processes are 
represented by the lower branch in Figure 5, and the 
deformation rate is well described by Equation (2-28). 
·* As the test temperature gets higher, the value of E 
becomes larger (as shown by the values tabulated in Table 
1 of reference [23]), for example, i* = 3.292x10-ij7 at t 
= 25°C, £* = 1 .099x1o- 29 at T = 200°C. Because the ratio 
• * • • * • (s /ss) is no longer small, the terms containing (s /ss) 
in Equation (2-27) can no longer be neglected and will 
play a more significant role in determining the creep 
strain rate. 
When the temperature becomes much higher than Thoma' 
it is expected that deformation will be dominated by the 
diffusive processes. The effect of di.slocation glide, 
the second term in Equation (2-26), then may be neglec-
• ted, and the Es-a relationship assumes the following 
simplified form: 
or, 
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. ·* * . 1/' Es= E (lno - lno)- A (2-29) 
At intermediate temperatures, both the dislocation 
glide processes and the diffusive processes contribute to 
deformation, 
simplified, 
Equation (2-26) therefore cannot be 
and 
• expression for £ 8 • 
2-4. Corrosion 
Environment 
is too complex to yield explicit 
by Anodic Dissolution in Aqueuos 
Corrosion may be defined as the chemical reaction of 
a metal with a non-metal (or non-metals) in the 
surrounding environment, with the formation of compounds 
which are referred to as corro·sion products. The chemical 
reactivity of the metal is dependent upon many factors. 
Environmental conditions, such as temperature, pressure 
and surrounding chemical compositions, 
co·rrosion, as will factors associated 
will 
with 
affect 
the 
metallurgical structure of and stresses applied to the 
metal. 
Generally speaking, two kinds of reaction pr·ocesses 
are involved in the corrosion: anodic reaction and 
cathodic reaction, or oxidation and reduction reactions. 
Neit·her of them can occur without the simultaneous 
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occurrence of the other. At the anode, electrons are 
produced by the oxidation of a metal atom (M) as follows: 
( 1 ) 
At the cathode, an ion or molecule undergoes reduction 
by accepting electrons. Two kinds of cathodic reactions 
can occur depending on the pH value of the solution. For 
a neutral solution with dissolved oxygen with pH=7, the 
cathodic reaction involves oxygen and water, which 
consumes the electrons from the anode to form hydroxyl 
ions: 
(2) 
In the case of acidic solutions {pH< 7), the electrons 
· from the anode reduce the hydrogen ions to atomic 
hydrogen. Most of these atoms combirte to form molecular 
hydrogen, which bubbles a.ff, but some would "dissolve'' in 
the metal. This is .important in the case hydrogen 
embrittlement. 
(3) 
For corrosion to progress spontaneously, the driving 
force (i.e., chemical potential) for the corrosion 
processes needs to be considered. It is a thermodynamic 
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•.1 
principle that, for a reaction to proceed spontaneously 
in a given direction, the chemical energy of the 
reactants must be greater than that of the products; ' 1. e. 
energy must be released. The energy released may appear 
solely as heat or as a combination of work energy and 
heat. The propensity for reaction can be measured in 
terms of the change in Gibb's free energy, ~G [24]. The 
standard free energy change ~G 0 is related to standard 
chemical potential E 0 : 
where n is the number of mbles of electrons transferred 
in the reaction, and Fis the Faraday constant, in 
calories per voltage. The spontaneity of an oxidation-
reduction reaction then can be determined according to 
the voltage produced by the reaction. A positive voltage 
indicates that the reaction can be produced spontaneous-
ly. The reaction ca~not proceed by itself if the voltage 
is negative, and the reverse reaction is s.pontaneous. The 
voltage for the react ions ( 1 ) , ( 2), and (3) at a gi_ven 
condition can be obtained from standard chemistry tex-
tbook [27]. Whether the reactions· can: actually proceed 
or not and the rate of reaction are determined by kinetic 
factors [24]. The dissolution rate V0 can be calculated 
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) 
from the measured reaction rate k 0 for reaction (1), 
which is given as follows [24]: 
k = e 
= 
i 
nF 
iM 
nF 
(mol.s- 1m- 2 ) 
(2-30) 
The anodic dissolution rate will be obtained as follows: 
k 
Ve -- p 
e 
-
iM 
npF (mis) -(2-31) 
In Equations (2-30) and (2-31), i is current density 
(A/m 2 ), Mis molecular weight of the metal (kg/mol); 
F=96500 (coulornbs/rnol) is Faraday constant; n is the 
number of moles of electrons transferred from one mole of 
. metal molecules; p is mass density of the reacting metal 
The current density i is a function of 
temperature, and is assumed to follow the Arrhenius form: 
i = f exp(- ~HIRT) (2-32) 
where ~H is the thermal .activation ~nthalpy for the 
reaction. 
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3. MODIFIED CRACK GROWTH RATE MODEL 
UNDER SUSTAINED LOADING 
In the foregoing discussion, a model proposed by 
Krafft and co-workers for crack growth in a 
environment Equation (2-20) was reviewed. 
dissolving 
The model 
indicated that subcritical crack growth resulted from the 
enhancement of tensile instability of the ligaments at 
the crack tip through surface removal by corrosion. 
Later, Landes and Wei proposed another model for crack 
growth in a chemical inert environment Equation (2-22). 
Here tensile instabilit·y of the ligament was enhanced by 
creep deformation. In these models time dependent 
corrosion and deformation were considered separately. To 
further extend these concepts, a new TLI model is 
proposed by considering the cojoint effects of creep 
deformation and corrosion. To explore the response at 
low K levers, the kinetics of crack growth and the 
kinetics of deformation are analytically related by 
applying Hart's deformation theo:ry [16-18]. 
·ro simplify modeling, the following assumptions are 
made: 
(1) The material near the crack tip is formed 
into cylindrical tensile micro-ligaments, each 
with diameter ctr and is homogeneous. The ctr-
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' 
ligament is viewed as an ordinary tensile 
element that is stressed by ayy at 0=0, and is 
subjected to creep and lateral "attack". 
(2) Fracture instability of the cracked specimen 
occurs (when K = Kc) when the tensile ligament 
reaches the tensile instability point (i.e., 
when dP=O). 
( 3) High strength alloys obey power-law 
hardening, and the strain hardening exponent n 
is independent of temperature. 
(4) The process zone size dT is defined on basis 
of assumption (2), and is unaffected by 
corrosion creep~ The zone size dT can be calcu-
lated from material propertles at room tempera-
ture. Because dT is defined by the microstruc-
ture (inclusion spacing, for example), it . lS 
expected to be independent of the test tempera-
ture. 
(5) Each dT-element at the crack tip is fully 
surrounded by the deleterious chemical environ-
ment. Only the electrochemical dissolution 
mechanism (versus hydrogen embrittlement) will 
be considere.d. This assumption is made so that 
the combined effect of dissolution and creep can 
be examined. The issue of validity of the 
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embrittlement mechanism is not being addressed. 
(6) Creep deformation and dissolution are con-
sidered as parallel processes. The dissolution 
rate is to be obtained from electrochemical 
test data (i.e., polarization measurements) on 
unstrained specimens. Actually, straining can 
significantly affect dissolution rate and can 
hardly be neglected. Further work need to be 
done to modify the proposed model to include 
this effect. 
(7) Even though the crack growth rate at a given 
K exhibits time dependence, similar to that for 
creep rate in Figure 6, onl.y the steady-state 
(time independence) crack growth rates are 
·considered. These rates can be obtained from 
constant stress intensity factor K test at 
constant temperature. 
The original instab.ility criterion of a tension 
ligament was derived a.s Equati·on (2-12): 
-Ada= odA (2-12') 
The differentials of area dA and of stress do, on a 
# 
ligament at crack tip (with diameter dr) can be separated 
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into their constituent partials. 
(1) Poisson contraction 
As a tensile specimen is subjected to straining 
under tension, Poisson contraction diminishes the cross-
sectional area which is characterized by the Poisson 
ratio: 
\) = --
·where Ed is diametral strain and E1 is longitudinal 
strain. The Poisson contraction reduces the stability of 
the ligament. Therefore, the area variation due to 
Poisson contraction can be defined as: 
· (3-1a)" 
Because the ligament is subjected to a stress above the 
yield point, and is plastic, the Poisson ratio\) is taken 
, as~- Equation (3-1a) becomes: 
(_3-1b) 
(ii) S-train Hardening 
33 
The stress variation is given by: 
(3-2a) 
For a power-law hardening material, the relationship 
between stress o and strain E, subjected to constant 
• strain rate e:, will be: 
By using this relationship in Equation (3-2a), the stress 
variation is given as: 
dO - nkEn(n-1) = 
ae:1 ,., no/e: 1 
00 = (3-2b) 
(iii) Reduction of Area by Creep 
One part of the variations of area is due to creep. 
The effect in structural alloys at constant temperatures. 
may be deeply related to the rate of plastic deformation 
sensitivity to the plastic flow stress. The ligament 
stability is reduced by the area diminution due to the 
strain rate fr.om stress relaxation. The area variation 
due to the st.ress relaxation is, therefore, defined as 
[ 5 J: 
I • 
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(3-3) 
(iv) Reduction of Area by Corrosion 
Corrosion attack on the lateral surface of the 
ligament reduces the cross-sectional area of the 
ligaments and weakens their load-bearing capacity. The 
area variation due to corrosion (chemical dissolution) is 
given by [14]: 
(3-1.J) 
where V0 is the dissolution rate. 
By combining the four partials, the t:)tal 
differentials of area dA and of stress do can be 
expressed as follows: 
(3-5) 
and, 
(3-6) 
Therefore, the instability criterion, Equation (2-12') is 
written as: 
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- 1 = (3-7) 
• where E1 is the longitudinal strain, Es' the steady-state 
creep strain rate, n, the strain hardening exponent, and 
Ve, the dissolution rate. 
The new instability criterion, Equation (3-7), is 
applied to the ligament at the crack tip. The 
longitudinal strain Et is identified with the "average" 
y-direction in the ligament strain (or Eyy at 9=0°), and 
• • the longitudinal strain rate (E 1 = Eyy) is an equivalent 
strain rate that results from crack growth. The steady-
• 
state creep strain rate Es is related to the stress and 
strain in the ligamen·t., and is to be determined form 
Hart's model., Equation (2-26). The diss.olution rate Ve 
can be calculated from Equation (2-31), by using the 
measured current density i from an appropriate 
electrochemical experiment. 
To convett the instability criterion into crack 
growth rate, tl1e characte.ristic process zone size dr 
needs to be redefined based on assumptions (2) and (4); 
• i.e., for Es=O, Vc=O, £ 1 =Er and K=K 0 at r=dr· From 
Equation (3-7} and Equation (2-5b), the appropriate. 
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instability criterion for fracture and the instability 
~train are as follows: 
- 1 • 0 
Kc 2N/(N+1) -N/(N+1) 
n •ET= 0.75Ey ( ) r 
oylir 
(3-8) 
The ligament diameter is redefined as the distance from 
the crack tip when the stress intensity factor K reaches 
the critical value Kc, and is obtained by setting r=dr in 
Equation (3-8): 
K2 
C 
2 
1TOy 
(0 .75Ne:y) (N+ 1 )/N (3-9) 
The ligament diameter can be calculted by using ~the 
values of Kc, oy, Ey and n (N=1/n) at room temperature. 
Equation (3-9) is similar to that given by Landes and 
Wei (see Equation (2-21)). 
• The longitudinal strain rate E 1 in the ligament of 
• interest is related to the crack growth rate a by 
differentiating Equatio.n (2-5b). Based on assumption 
(7), the strain rate is obtained for constant K as 
follows: 
, f. = o. 7 5 e:y ( K _ ) 2N / ( N+ 1 ) ( _ 1 ) r- [ 1 / ( N + 1 ) + 1 J r' 
oylff N+1 
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• 
where -r(dr/2) is identified with the crack growth rate 
• • • 
a, i.e., r =- -a. 
Equations (2-5a) and (2-5b) describe the profiles of 
and versus distance r from crack tip, with 
singularities at r=O, respectively. But in practice, 
because of plastic strain effect, the longitudinal stress 
and strain in the ligament at crack tip can be assumed as 
constant ~YY and constant ~y· A reasonable approximation 
is to set ~YY = oyyCr=dr/2) and Eyy = EyyCr=dr/2). The 
averge strain rate in the ligament then becomes: 
i = 0.75Ey( K_ )2N/(N+1) ( 1 ) (dr/2)-[1/(N+1)+1] i 
oyl1r N+1 
Th~ strain at the r=dr/2 is as follows: 
E = 0.75Ey( K_ )2N/(N+1) (dr/2)-N/(N+1) 
oyl·,r 
• 
e:(dT/2,0) • 2aN 
e:Cctrl2,o) = 
Substituting Equation (2-42) into Equation (3-7): 
• 
e: • N (e:s+4V 0 /dT) 
- = e: 1 - e:N 
• 
• • 
• 2aN 
• N(e:s+ 4V 0 /dT) 
1 - e:N 
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(3-10) 
The crack growth rate predicted by the model is now 
represented as: 
• a = 
l-(K/K )2N/(N+1) 
C 
+ 
2V (N+1) 
C 
1 _ ( K /K ) 2N I ( N + 1 ) C 
• 
(3-l1a) 
where the stress and the corresponding Es are calculated 
at r = dT/2 from Equation (2-26), see Equations (3-11b) 
and ( 3 ~ 1 l c) : 
K 2/(N+l) 
= 1 .2oy( ) 
-1 /(N+1) 
(dr/2) (3-11b} 
oylir 
The parameters above, 
from uniaxial. tensile tests; 
(3-11 c) 
* o , M, m, A can be obtained 
• * • * E and A are functions of 
temperature only as described in sub-section 2-3; V0 is a 
constant calculated from Equation (2-31), and o(dr/2,0) 
is taken as average flow stress acted on the ligament to 
result in .creep strain rate ~s· If the test temperature 
differs greatly from the homologous temperature, the 
creep strain rate would be expressed explicitly by 
Equation (2-28) for test temperature much lower than 
Thoma and Equation (2-29) for test temperature much 
I 
higher than Thomo· Landes' crack growth model Equation 
(2-22) is slightly different from the modified model 
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Equation · (3-10) where V0 is set as zero, EyyCr-dT) was 
used as the average strain in the interest ligament. 
The hardness a* is only a function of strain [16] 
and is assumed to be a constant for the stress relaxation 
process and to be related to critical strain Ee· To 
determine Ee, Equation (3-7) is being considered for a 
uniaxial tensile bar under dry condition, i.e. Vc·O. 
Then, the instability of the uniaxial tension, in this 
case, is: 
• 
n 
- 1 -
E 
s 
Unlike the stress field near the crack tip, the 
• longitudinal strain rate E1 for the bar re.sults from the 
• same source as the stress relaxation strain rate Es, i.e. 
~ 
Therefore, the critical strain can be calculated 
from the strain-hardening exponent n as follows: 
• 
(3-12) 
It is well known that the material instability at 
the crack tip is strongly affected by the thickness of 
the specimen. Cracking behavior changes from plane-stress 
to plane-strain at the center of the crack tip as the 
specimen gets thicker. Experimentally it has been 
confirmed that cracking behavior is typical of plane 
strain if the plastic zone size rp is about 0.025B, where 
Bis defined as specimen thickness. In practice, if the 
condition, B ~ 2.5(Krcloy) 2 , is satisfied, the specimen 
is under plane-strain condition, and the critical stress-
intensity factor Kc coincides with plane strain toughness 
Krc· 
But in fact, no matter how thick the specimen • lS, 
the plane-stress condition still exists near the crack 
tip on the lateral surfaces of the specimen (Figure 7). 
The process of tensile instability and rupture actually 
occurs in a small element adjacent to the crack border. 
This can be regarded schematically as composed of minute 
short, uniaxial tensile ligaments, freed from the 
surrounding triaxial state of stress by the free surface 
of the crack tip and by other holes growing under the 
influence of the dominant crack border tensile stress 
field. Therefore, the crack growth model Equation (3-11a) 
is applicable to the specimen thicker than 2.5(K1cloy) 2 , 
if the critical stress intensity factor Kc is replaced by 
41 
4. COMPARISON WITH EXPERIMENTS IN AISI 4340 STEEL AND 
DISCUSSIONS 
In this section, the modified crack growth model 
Equation (3-10) is used to fit Landes' experimental 
results obtained in dehumidified argon (dry condition, 
V0 =0) [5] and in distilled water (wet condition, V0 is a 
constant) [25]. The method to estimate "threshold" stress 
intensity Krth in the absence of corrosion is proposed. 
4-1. Test Material 
The che1nical composition, heat treatment, and room 
temperature mechanical properties for AISI 4340 steel are 
given in Table 1. 
4-2. Experimental Results 
(1) Deformation Data [5] 
The typical flow-stress versus plastic strain curves 
for different test temperatures and strain rates are 
shown in Figure 9. The focus is on the flow-stress 
versus plastic strain rate curves at constant tem_pera-
ture. The typical flow-stress versus strain rate curves 
at T=80°C are calculated from Figure 8, as shown in 
Figure 9. 
42 
(2) Crack Growth Data 
The kinetics of sustained-load crack growth in 
dehumidified argon were examined by Landes et al [5] 
over a range of test temperatures from 25°C to 140°C. The 
3.18-mm-thick, center-cracked specimens, oriented in the 
(LT) direction, were used for the longitudinal 
investigation. Landes measured the crack growth rate in 
AISI 4340 steel with the same mechanical properties and 
geometry tested in distilled water [25]. The experimental 
data tested in dehumidified argon at temperatures T=25°C, 
80°C, and 140°C are tabulated in Table 2, and experimen-
tal data tested in distilled ·water tested at temperatur·es 
T=25°C, 53°C and 75°C are listed in Table 3. 
4-3. Comparison with The Data under Dry Condition 
In this case, the crack growth rate may be modeled 
as follows by setting Vc=O: 
• (N+1)dT/2 • 
a .. 1 - (K/K )2N/(N+1) Es 
. . C 
( 4-1 ) 
For AISI 4340 steel, because the melting temperature 
is about 0 1200 C, the homologous temperature Thoma is 
approximately 0 equal to 240 C, by the definition of 
0 
Since the highest test temperature 140 C 
in Table 3 is much lower than Thoma·' Equation (2-28) is 
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• selected for Es· Therefore, the crack growth model for 
temperatures lower than Thome is: 
• 
a = (4-2a) 
where 
K 2/(N+1) -1/(N+1) 
= 1.2oy( _) (dT/2) (4-2b) 
oyl,r 
* The parameters o and Mare selected from Landes' 
0 
deformation data at T=80 C. S . * 1nce o is only related to 
0 
stra.in history, Mis a material constant, and T=80 C is 
* 0 far away from Thome' the values of a and Mat T=80 Care 
good approximations. There is no analytical expression to 
calculate hardness 
to Hart and Li. 
* a from material properties, according 
* . The only way to obtain o 1s by using 
Eq~ation (2-28) to fit experimental data. Those values 
* for different strains are shown in Table 4, and o versus 
E curve is fitted by a straight line in Figure 10. • 
To determine an ap·propriate hardness * a for the 
crack growth rate model, * we need select a value a from 
Figure 10, if we have critical strain Ee· From Figure 8, 
the inverse strain hardening exponent N is selected about 
N=9.10, the critical strain e: 0 , then, is about 5.5%. 
calculated from Equation (3-12).· The hardness 
selected as 2157 MPa from Figure 10. 
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* 0 is 
• 
I. 
The test temperature affects crack growth rate not 
·* only through thermal parameter A but also through yield 
strength ay and critical stress intensity factor Kc· The 
values of ay for different test temperatures are 
available in a material handbook, as shown in Figure 11, 
and the values of Kc for different temperatures are 
estimated from Landes' experimental data. The ligament 
diameter dT is calculated from Equation (3-9) by plugging 
into room temperature mechanical properties oy, Ey and 
is constant for different temperatures by 
assumption (4). All 
in the Table 5. 
• * parameters, except A, are tabulated 
Here Kc goes down as test temperature goes up. The 
reason is that the thickness of the specimen is too small 
(B = 3.18mm). As the temperature gets higher, the Kc 
versus B curve shifts to the right and up a little bit 
(Figure 12). The value of Krc gets higher, but Kc for 
thin spe.cimen gets smaller as test temperatures rise. 
·* The suitable values of A for crack growth model can 
not be obtained from deformation test. They should be 
measured from crack growth experiments, i.e., they are 
fitting parameters. Because the deformation process and 
crack growth process are not exactly the same, parameter 
. * A here is left to take care of the difference. 
The Figu~es 13, 14 and 15 show us how well the model 
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match the Landes' experimental results. In these graphs, 
• * the values of A are obtained by fitting the Landes' data 
The . * test tested • dehumidified A versus 1n argon. 
1 6 . temperature T . shown • Figure The curve lS 1n 
relationship between . * A and T follows Arrhenius equation 
where the activation energy ~His about 40.3 kJ/mol. 
This activation energy is close to the apparent 
activation energy for crack growth. 
One implication • Figures 1 3, 1 4 and 1 5 • 1n lS very 
interesting. the stress * the As approaches hardness 0 
' 
• loga versus K cu·rve goes to a vertical line, just as the 
definition of the "threshold" stress intensity factor 
Krth means. 
follows: 
Therefore, the hypothesis is made as 
"Threshold" stress intensity factor Krth is the 
value as stress o at the distance r=dT/2 fro·m the crack 
tip is equal to the hardness * 0 • 
Equations (3-9}- and (3-11b), we have: 
where 
. 2 
1rorY 
(0.75N£y)(N+ 1)/N 
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Therefore, .f·rom 
( 4--3) 
I 
• 
• • Kith. (0.75NEy)(N+ 1)/ 2N * ( o )(N+1)/2 ( 4-4) 
1 • 2oy 
where orY and Krc are the yield strength and critical 
stress intensity factor at room temperature, 
respectively. 
Equation (4-4) indicates that the "threshold.ff stress 
-intensity Kith is a function of material properties 
(through orY' N, * Ey and o ), of specimen size (through 
Krc), and of test temperature (through oy). 
The values of Krth which are calculated from 
Equation (4-4) for different test temperatures are 
tabulated in Table 6. These Krth values are within the 
empirical Krscc values ranging from 16.4 MPa/m to 27 
MPa/m • AISI 4340 steel tempered at 205°c [ 4 J • 1n 
As shown • Figures 1 3 , 1 4, and 1 5 , the lower the 1n 
test temperature • the better the model predicts. At lS, 
T=140°C, the error for the model to predict the 
experimental data is very large, up to 102 • Why did this 
happen? 
As the test temperatures go higher and higher, the 
contribution from diffusive process gets. more significant 
to the creep deformation. • The apprbximation Es by 
neglecting the first term in Equation (2-26) for a test 
temperature ~uch higher than room temperature will make 
4.7 
' 
• a big error. Therefore, Es should be solved from 
Equation (2-26), which is a formidable task. 
From Figure 2 in reference [23], it is obvious that 
• logo versus logE curves have similar shape but different 
slope, while test temperature is below 200°C. To simplify 
Equation (2-26), a new expression, similar to the 
expression for dislocation glide process, is proposed as: 
. * * M • ·o - 0 ) Es - At ( t 
G 
(4-5) 
where Mt and At* are fitting parameters, no physical 
meaning is related to them any more. Mt is a function of 
both test temperature and material properties~ As test 
"· 
temperature goes up, the_ value of Mt will get larger 
because the diffusive process contributes some portion of 
• Es· Therefore, the following relation may be gotten: 
The sensitivity of Mt is shown in Fi·gure 20. The smaller 
Mt is, the better the mddel prediction curve fits the 
experimental data, which is opposit.e- to what is expected 
-for Mt from Hartts deformation theory Equation (4-6). 
This implies that Hart's deformation theory may not work 
when the- flow stress is extremely high, because the 
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stress field near the crack tip is quite high and far 
beyond the flow stress range for regular 
deformation test. From Figure 20, the 
tensile 
viscous 
relationship between flow stress and strain rate near the 
crack tip is suggested to describe crack growth behavior. 
4-4. Comparison with the Data under Wet condition 
Since test temperatures are far lower than 
homologous temperature, the general model Equation (3-
11a) is used by plugging the creep strain rate equation 
valid for lower temperature into Equation (2-28). The 
parameters needed here are the same as those in Table 4. 
Therefor8, the model is rewritten as: 
a= (N+1)dT/2 A*< 0 - o*)M + 
1 _ (K/K )2N/(N+1) G 
where 
C 
+ 
2V (N+1) 
C 
1 ... (K/K )2N/(N+1) C 
(4-7a) 
K 2/(N+1) -1/(N+1) 
= 1 .2oy( · _) (dr/2) (4-7b) 
oyl1r 
Now, the key problem here is to determine the 
dissolution rate V0 , which can be· calculated from 
Equations (2-31) and (2-32). 
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When a piece of AISI 4340 steel is exposed to 
distilled water, all metal elements participate in the 
chemical reaction more or less. However, the most 
significant effect on corrosion results from the • iron 
element. The corrosion proceeds in two steps. The first 
step is marked by the appearance of insoluble iron (II) 
hydroxide produced as follows: 
( 1 ) 
At the second step, stable corrosion product, iron (III) 
hydroxide, is produced, because the iron (II) hydroxide 
in the solution is further oxidized in the reaction: 
Reaction (1) can be separated into anodic half-cell 
reaction and cathodic half-cell reaction. In anodic half-
cell reaction, the iron tends to be oxidized with 
positive 
Voltage: 
standard oxidation potential, 
,., + Fe(s) t Fe~ (aq) + 2e-
SOP -- +0.44 
(3) 
In cathodic half-cell reaction, the oxygen molecules 
dissol ,red in the solution are reduced as follows with 
positive standard reduction potential, SRP - +0.40 
50 
Voltage: 
(4) 
The chemical potential produced by reaction (1) is 
calculated as the following: 
Ef • i SRP4 + SOP3 = +0.64 (Volt,) 
In reaction (2), two half-cell reaction are 
involved. One is the cathodic half-cell reaction (4) and 
another is the following oxidation reaction in the 
sol·ution: 
Fe(OH) 2 + OH~(aq) t Fe(OH) 3 + e ( 5) 
where the standard oxidation potential is +0.56 Voltage. 
Therefore, the chemical potential produced by reaction 
{2) comes from the following calculation: 
1 E~ = SOP 5 + ~ SRP4 - +0.75 (Volt.) 
Since both E0 1 and E0 2 are positive, two chemical 
. . 
steps involved in the corrosion are spontaneous at 
standard ,'Jondition. The dissolution rate· of the solid, 
iron Ve is calculated from Eqijation (2-31·) based on half 
cell reaction (3), n is equal to 2 from reaction (3), 
M=55.85 (kg/mol), p=7.87x103 (kg/m3) [27] .. 
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Krafft et al [26] measured dissolution rate as 
about 0.22 µm/s for AISI 4340 steel tempered at 205°C 
exposed in distilled water. Based on their experimental 
result, the dissolution current density is selected as 
i 25 oc = 7x10- 4 (A/cm2) at room temperature. Therefore, 
the dissolution rate in our case will be: 
iM 
npF -
-4 2 7x10 (A/cm )x55.85(kg/mol) 
2x7.87x103(kg/m3)x96500(c/mol) 
(mis) 
- 0.257 (µm/s). 
The thermal effect on current density is proposed 
following Arrhenius relation in Equation (2-32): 
6H i - f exp(- RT) 
The activation energy AH of current density 
(2-32) 
is about 
37.6-41 .9 kJ/mol [25]. Therefore, the current densities 
at T=53°C and T=75°C are calculated from Equation (2-32) 
according to i 25 oc by selecting AH= 41.9 kJ/mol: 
(A/cm2 ) 
After plugging the values of dissolution rates at 
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T•25°C, 53°C and 75°C, the model prediction curves made 
on Equation (4-7a) fit the Landes' data in Table 6 
perfectly in Stage II and Stage III (Figures 17, 18 and 
1 9) • 
Comparing Figures 13, 14 and 15 to Figures 17, 18 
and 19, we found that the second term in Equation (4-7a) 
is dominant, because magnitude of the second term is 103 
- 10 4 times larger than that of the first term. Since the 
contribution of the first term to crack growth rate is 
too small to be considered, Equation (4-7a) for Stage II 
and Stage III then can be simplified as: 
• 
a -
2V (N+1) 
C 
1 _ (K/K )2N/(N+1) C 
(4-8) 
Equation (4-8) means the chemical reaction rate 
controls the crack gro~th rate for Stage II, and well 
predicts the observa·tion from exp.eriments. Substituting 
Equation (2-31) into Equation (4~8), we have a model to 
predict crack growth response in Stage II and Stage III: 
• 
a -
2(N+1) iM 
X 
1 _ (K/K )2N/(N+1) npF 
C 
where 
~H i = f exp(- ) RT 
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" , 
( 4-9) 
It is a very interesting point implied in the 
Equation (4-9) that the crack growth rate in Stage II and 
Stage III can be predicted from pure electrochemical 
kinetics. But, as shown in Figures 17, 18 and 19, the 
modified crack growth model Equation (4-7a) fails to 
predict crack growth response in Stage I. To explain the 
failure, firstly, we showed the sensitivity of the 
dissolving current density i in Figure 17. The higher the 
current density goes (more aggressive environment), the 
more dominant the electrochemical reaction is. As stress 
intensity factor K gets smaller and smaller, the crack 
growth rate a goes down, and finally the curve goes to a 
horizontal line approaching to the left (Figure 17). No 
matter how small the current density is, we still have a 
horizontal line when K approaches to Kith·· The reason is 
that no effect of oxidized surface and no interaction 
of the mechanical process and chemical process are 
considered while the assumptions are made. In fact, crack 
,· 
can not extend by chemical corrosion before the sample is 
loaded, because the oxidized surface protects the 
material from chemical attack. No fresh surface can be 
created until the driving force, stress intensity~factor 
K, overcomes the "threshold" value Krth calculated from· 
Equation {4-4). The larger the K gets , the bigger the 
fresh su.rface wi,11 be formed. Therefore, it is not good 
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to assume that the ligament is fully surrounded by 
aggressive environment when driving force K is pretty 
low. That is why the model fails in Stage I. The 
reasonable assumption could be proposed that some portion 
of ligament is exposed to aggressive environment. Hence, 
a new parameter, surface fraction factor¢ could be 
introduced into the model. The problem is that the 
fraction factor¢ is a function of driving force K, as K 
gets larger, ¢ goes to unit gradually. The relationship 
between Kand¢ needs to be studied in the future. 
I 
5. SUMMARY 
The relationship between the kinetics of crack 
growth in an inert environment and deformation kinetics 
is analytically developed by combining Landes-Wei model 
with Hart theory of creep to examine the implication of 
creep deformation rate on crack growth at low stress 
intensity factor (K) levels. The dissolution model for 
stress corrosion cracking proposed by Krafft and co-
workers is extended to examine the coupled effect of 
creep deformation and corrosion, particularly for Stage I 
crack growth and threshold behavior. 
A modified model for crack growth is developed on the 
basis of Krafft's tensile ligament instability hypothesis 
to incorporate Hart's deformation theory and corrosion by 
electrochemical dissolution. The predictions of this 
model are in satisfactory agreement with Landes' crack 
growth data obtained at high K level on an AISI 4340 
steel 
argon) 
in a chemically inert environment (dehumidified 
and in a "corroding" environment (distilled 
water). The model predicts a "threshold" behavior in the 
inert environment with a "thresheld" stress in.tensity 
factor Krth _that is dependent on material properties and 
specimen size, and weakly dependent on test temperature. 
The effect of dissolution current density on crack 
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growth response is considered. In a strongly dissolving 
environment, the model suggests that crack growth rate in 
Stage II and Stage III would be modified, and would 
become nearly independent of the deformation process. 
That response is consistent with chemical reaction 
control of crack growth rate in Stage II. The absence of 
a threshold, however, is not consistent with experimental 
observations, and raises questions concerning the appli-
cability of a dissolution mechanism for stress corrosion 
cracking. 
The present work shows the success of the model in 
predicting 
sustained 
steady-state crack growth 
load over a broad range of 
rates 
K 
under 
levels, 
particularly in predicting reasonable crack growth rates 
when K is at lower levels, and the threshold behavior of 
crack growth. It is a notable point that the modified 
model can predict the proper K dependence of A from 
threshold behavi-or at low K levels to critical behavior 
at high K levels for the case of an inert environment. 
"The inconsistency of the model prediction wi tt1 
experimental observation in the chemically dissolving 
enviroment at lower K level would be that effects of 
st.raining on disso.lution rate and of oxidized surface on 
the sample are not negligible at lower K level. 
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TABLES 
Table 1. Chemical Composition, Heat Treatment 
Room temperature mechanical properties 
1. Chemical composition (weight percent) 
C 
0.42 
Ni 
1 • 8 3 
Mn 
0.70 
Cr 
0.79 
p 
0.009 
Mo 
0.24 
s 
0.0012 
Co 
0.011 
Si 
0.28 
Ti 
<0.005 
- - - - - - -- - -- - - - - -- - - -
.., - - - - - - - - -
2. Heat treatment 
Normalize, 900 deg C, 1hr; Air cool 
Austenitize, 843 deg C, 1hr; Oil quench 
Temper, 205 deg C, 1hr; Air cool 
- - - - - - - - - - - - -
- - - - - - - - - - - - - -
3. Room temperature mechanical properties 
0.2% Offset 
yield strength 
MPa 
1 344 
Tensile 
strength 
MPa 
2080 
58 
Young's 
modulus 
MPa 
200,000 
Percent 
elongation 
. 9 
Table 2. Crack· Growth Data Tested in Dehumidified Argon. 
0 
T=80 
0 
T=140 oc T=25 C C 
• • • No K a K a K a 
1 75.8 0.68 69.2 0.68 56.5 5.50 
. 
2 78.0 0.51 10.1 0.55 62.4 6.77 
3 7 9. 1 0.42 71 . 6 0.72 63.1 4.66 
4 81 . 3 0.55 74.7 0.68 65.9 8.89 
5 84.5 0.47 78.3 l • 1 8 68.3 8.89 
6 87.8 1 • 27 79.1 0.76 69.5 9.31 
7 91 . 1 0.68 80.6 0.97 70.7 1 O. 1 6 
8 92.2 1 • 02 79.8 1 . 40 72.5 13.54 
9 92.2 2. 1 2 85.3 1 • 8 6 71 . 4 5.50 
10 -94. 4 1 • 90 83.0 2.92 73.2 7.62 
1 1 94.4 2.71 87.8- 3.22 76.9 8.47 
1 2 97.7 3.09 88.6 4.23 76.9 12.70 
1 3 1 0.1 • 0 4.23 85.0 5.08 79.5 9.30 
1 4 104.3 6.35 92.9 29.90 82. 1 8.47 
1 5 105.4 8.04 95. 1 50.80 84.0 6.77 
1 6 103.2 19.05 9.8. 8 105-. 83 87.8 9.31 
. 
1 7 106.5 35.47 92.0 8.47 
. 18 . 94.4 10.58 
1 9 . 98.8 30.05 
20 98.8 150.27 
21 101 . 1 56.30 
unit-: K (MPa/~); ~ (x10- 8 m/s). 
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Table 3. Crack Growth Rate Tested in Distill~d Water. 
0 oc 0 T=25 C T=53 T=75 C 
No K A K A K A 
1 15.27 0.51 25.25 23.28 23.87 34.66 
2 1 7. 1 8 0.93 27.67 19.04 24.83 42.33 
3 1 8. 1 3 1 . 7 4 32.50 28.36 27.69 57. 15 
4 21 . 96 1 . 90 36.23 34.71 30.56 63.07 
. 
28. O 1 . 40.08 42.33 34.37 94.40 5 3. 1 3 
6 33.43 4.70 43.92 38. 1 0 40. 1 0 104.13 
7 36.28 6.98 47.76 54. 1 8 42.21 77.04 
8 38. 1 9 8.55 53.47 42.33 46.79 85.51 
9 40. 1 0 5. r, 70.60 ·5 6. 7 2 5 2. 5.2 99.05 
1 0 44.88 8.55 78.29 49. 1 0 53.47 104.13 
1 1 46.78 1 O. 41 ·81 .14 46.99 60.15 115.14 
1 2 51 . 56 11 . 51 85.97 51 . 64 68.75 1,04.13 
1 3 60. 1 5 13.38 95.42 51 . 6 4 
1 4 64.92 14.82 
1 5 69.67 15.58 
1 6 ·7 3. 52 15.58 
l7 80. 1 5 14.80' 
18 92.62 15.58 
. 
unit: K (MPa/~); i (10- 6 mis). 
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Table 4. Calculations * of Hardness a and Material 
Constant M 
a 
* • 2E-6 8E-6 30E-6 M £ 0 £ 
1.25% 2067 2153 2212 1723 7.62 
2.50% 2219 2281 2·356 1894 7.62 
4.00% 2315 2391 2467 1929 7.63 
5.50% 2432 2480 2536 2191 7.62 
unit: o (MP a), o * (MP a), E(m/m), e:( 1 /min). 
Table 5. Parameters Needed for the Model. 
T (OC) Kc * N dr Oy OU 0 
. 
25 1433 1998 108 2157 9. 1 15.28 . 
80 137·8 1860 104 2157 9. 1 15.28 
140 1344 1819 103 2157 9. 1 15.28 
. 
-
unit: (MPa); Kc (MPa/m), dr (µm). 
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Table 6. Tempet'atut'e Effect on "Threshold" Krth 
T (OC) 25 80 140 
Krth 
(MPa/m) 22.01 . 25. 81 28.60 
. 
6.2 
r 
.gl~ 
c., 
0 
..J, 
• 
.. 
III 
It 
I 
• • Kr sec Ktc 
-KI • 
Figure 1. A Schematic representation of the crack growth 
kinetics 
• 
Figure 2. Model of the ligamental cell 
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p 
A 
p 
p 
Reduction of area (%) 
Figure 3. A schematic representation of tensile test 
• 
(II) a. 
1 
t 
--t 
( 1 ) Oa (2) 
• 
E 
a 
0 
• 
£ 
(I) of 
(3) 
Figur.e 4. A sch€~atic rheological diagram representating 
Hart's deformation model 
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Figure 5. A simplified rheological diagram 
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Figure 9. Flow stress versus strain rate for different 
plastic strains at constant temperature T = 80°C 
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Figure 10. Hardness versus strain for AISI 4340 stee-1 at 
T = 80°C 
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Figure 12. Test temperature effect on K0 
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Figure 13. Log(da/dt) versus K under dry condition at 
T = 25°C 
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Figure 14. Log(da/dt) versus K under dry codition at 
T = 80°C 
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Figure 17. Log(da/dt) versus K under wet condition at 
T = 25°C 
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Figure 18. Log(da/dt) versus K under wet condition at 
T = 53°C 
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